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Abstract 12 
A combined cycle power plant with inlet air heating (CCPP-IAH) system is proposed to solve the 13 
problems of ice and humidity blockages in winter climate. The performance of the CCPP-IAH system 14 
under part load conditions is analyzed via both experimental and simulation methods. The application of 15 
the inlet air heating technology significantly improves the part load efficiency and enhances the 16 
operational safety of the combined cycle power plant under complex meteorological conditions. Results 17 
show that a higher inlet air temperature will contribute a lower gas turbine thermal efficiency for 18 
proposed system. However, the heated inlet air by the recovered energy in heat recovery steam generator 19 
raises efficiencies for both the heat recovery steam generator and the overall system. The fuel 20 
consumption drops by 0.02 kg/s and 0.03 kg/s under the power load of 65 % and 80 %, respectively. The 21 
inlet air humidity decrease to 30 % under the heated inlet air temperature of 303 K. Moreover, the exergy 22 
destruction for both Brayton cycle part and Rankine cycle part decrease with the inlet air temperature 23 
increasing. The daily fossil fuel will raise up to 2.9 ton/day and to 5.1 ton/day under the power load of 65 % 24 
and 80 %, respectively. The annual economic benefit from energy saving is more than $ 5.88 105 and the 25 
payback period is less than 3 years. 26 
Keywords: CCPP; Combined cycle power plant; Inlet air heating; Optimization; Part load; Experimental 27 
test; 28 
 29 
1. Introduction 30 
With the world’s population growth and substantial economic development the energy demand and 31 
associated air pollution is increasing rapidly. Based on a survey of the International Energy Agency in 32 
2017, the global energy demand will rise by 30 % in 2040 [1]. Hence, it is of particular importance to 33 
adopt efficient and cleaner energy supply strategies to cover the energy demand [2, 3]. In recent years, 34 
gas-fired power plants involving a single gas turbine and combined cycle power plant (CCPP) have 35 
developed rapidly due to its high thermal efficiency, lower emissions and strong peak load shaving ability 36 
[4]. Therefore, gas-fired power systems are globally recognized as the most efficient converters from 37 
fossil fuel to electricity [5].  38 
1.1 Literature review 39 
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Since most gas-fired power plants are highly powerful, even a small improvement yields a power 40 
gain in the MW range [6]. In order to improve the efficiency of such systems numerous concepts have 41 
been introduced. Ibrahim et al.[7] analyzed the performance of a gas turbine (GT) based power plant 42 
under different ambient temperatures using the first and second law of thermodynamics. The main 43 
components of the power system were modeled and the results showed that the combustion chamber had 44 
the largest irreversible energy loss. They also revealed that a reduction of the inlet air temperature (IAT) 45 
can improve the overall system efficiency significantly. Maheshwari and Singh [8] focused on 46 
thermodynamic analysis of CCPP under eight different configurations. They resulted that the maximum 47 
energy efficiency of 54.9 % was achieved by utilizing a reheater in the CCPP system. Sanaye et al. [9] 48 
investigated and optimized a GT-based combined cooling heating and power (CCHP) system using 4E 49 
(Energy, Exergy, Environmental and Economic) methods. Optimization results revealed that the IAT of 50 
291.5 K and steam injection of 1.8 % into the combustion chamber were selected as the optimum points. 51 
Mohapatra and Sanjay [10]performed an exergy evaluation on a CCPP with an inlet air cooling system to 52 
increase the exergy efficiency of overall plant. Results showed that the combustion chamber had the 53 
highest exergy improvement potential. Moreover, the total exergy destruction was reduced by increasing 54 
the turbine inlet temperature and decreasing the compressor inlet temperature. 55 
Additionally, several technological means are proposed to enhance the part load performance of GT-56 
based power plants. Haglind [11] presented and compared the properties of variable geometry on the part 57 
load performance of two selected gas turbines. Results indicated the GT with two-shaft had better part 58 
load performance than the single-shaft one. Li et al.[12] proposed a backpressure adjustable method for a 59 
CCPP system to improve the off-design performance of the overall system. The simulation results 60 
revealed that the proposed method can significantly broaden the load range and increase the overall 61 
system efficiency by 1.76 %. EI-Shazly et al. [13] proposed an evaporative cooler system for a GT and 62 
compared it with a conventional absorption chiller under a wide temperature range. An increment of 2.03 63 
MW is gained with the evaporative cooler system. Huang et al. [14] proposed a steam injection method 64 
for a GT-based CCHP system at an off-design condition. The injection of steam can significantly improve 65 
the GT efficiency and the overall system had the best performance among other approaches. 66 
A critical issue concerning GT-based power plants is that the power output decreases considerably 67 
when the ambient temperature increases [2, 15, 16]. Especially in the summer, the ambient temperature 68 
can be far from the design temperature. As a result, the thermal efficiency as well as the power output of 69 
the GT reduces. It has been reported that a power plant in Iran generates only 80 % of the rated capacity 70 
during summer season [17]. Therefore, to enhance the performance and produce additional power during 71 
hot seasons, inlet air cooling is a widely used technology in CCPP systems.  72 
Baakeem et al. [18] analyzed several inlet air cooling technologies regarding fuel consumption rate, 73 
thermal efficiency and gas turbine power output. They found that a hybrid sub-cooling system showed the 74 
best performance. Brzeczek and Job [19] presented the impact of steam cooling in both gas turbine and 75 
overall power plant. The recovered energy from the intercooler was further utilized by an additional 76 
Rankine cycle. Results showed that the proposed system improved electrical efficiency by 7 %, which 77 
was higher than the classical open-air cooling system. Kwon et al. [20] selected dual cooling for a CCPP 78 
system and concluded that the proposed method produces a higher power output of 8.2 % compared to 79 
other inlet air cooling systems. Li et al. [21] proposed an inlet air cooling system using the evaporative 80 
cooling energy from liquefied natural gas for a CCPP system. The off-design performance was evaluated 81 
under different ambient conditions and the modified CCHP system produced a higher output in the range 82 
of 1.83 %-14.4 %. 83 
The above research shows that it is overwhelmingly beneficial to reduce the IAT of the GT system 84 
compressor in order to improve part load performances. However, it seems that little research has 85 
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concerned the utilization of inlet air heating (using recovered energy from HRSG) for CCPP under part 86 
load conditions. 87 
1.2 Motivation 88 
 The CCPPs are considered viable technology for peak shaving. This means that the systems will run 89 
at part load conditions for most of the time. Therefore, improving the part load performance and meet the 90 
anti-freezing requirement (in winter) are particularly important. Nevertheless, it seems that no 91 
publications have investigated this significant issue. In this paper, a novel CCPP system with inlet air 92 
heating (CCPP-IAH) is proposed and is considered as an effective way to improve the part load 93 
performance of GT-based power systems.  94 
The main contributions of the present work are: 95 
 The proposed mode of the CCPP-IAH is established and based on a real system in Tianjin city to 96 
solve the issuers of ice and humidity blockages in the inlet air system. 97 
 The part-load performance of the proposed system was investigated experimentally and by 98 
simulation methods, the performance is compared with a conventional CCPP system. 99 
 The exergy destruction of main components of the proposed CCPP-IAH system was analyzed. 100 
Furthermore, the components were divided into a Brayton cycle part and a Rankine cycle part to 101 
better understand the potential improvements. 102 
 The experimental data combined with simulated results provided a valuable method to avoid the 103 
issues of ice and humidity blockages in the inlet air system of the CCPPs. The application of the IAH 104 
technology significantly enhances the operation of the CCPPs under complex meteorological 105 
conditions. 106 
2. System description 107 
2.1 CCPP system 108 
Tianjin is a coastal city and it is located in the north part of China (117  E, 39  N). The average and 109 
the minimum temperature in the winter is 277.8 K and 259.6 K respectively. The average relative 110 
humidity is 56.4%. As a result, freezing in the inlet air system of CCPPs will occur in wintertime, which 111 
increases the pressure drop and lowers the power output. The CCPP under investigation consists of an E-112 
class gas turbine, a steam turbine and a HRSG. The gas turbine is produced by General Electricand typed 113 
with the number PG9171E [23]. Design data of the PG9171E are listed in Table 1. The steam turbine was 114 
produced by Nanjing Turbine & Electric Machinery Group and has the type number LCZ65-5.8/0.45/0.4 115 
[24]. The HRSG is a double pressure combustion boiler produced by AE&E Nanjing boiler Co.,Ltd [25].  116 
The gas-fired power plant was constructed to provide electricity, hot water and space heating in 117 
winter for nearby consumers. Since Tianjin is a coastal city and the relative humidity in winter is high, 118 
there will be freezing phenomenon in the inlet air system of CCPP, which increases the pressure loss and 119 
drops the power output. On the other hand, the gas-fired power plant is used for peak shaving and it is 120 
operated under part load conditions most of the time. Hence, the CCPP was modified for anti-freezing and 121 
improving its part load performance. The schematic diagram of the CCPP with inlet air heating system is 122 




Figure 1. Schematic diagram of the CCPP with inlet air heating system. 125 
Table 1.  126 
Design data of GT under ISO conditions. 127 
Descriptions Unit Power loads 
100 % 75 % 50 % 
Ambient temperature K 288 288 288 
Ambient pressure MPa 0.1 0.1 0.1 
Relative humidity % 60 60 60 
Power factor  0.85 0.85 0.85 
GT power output MW 126.8 95.1 63.4 
GT heat rate kJ/kWh 10630 11610 13980 
GT efficiency % 33.87 31.01 25.75 
GT exhaust gas temperature K 819.7 851.2 866.3 
GT exhaust gas mass flow rate kg/s 416 329.7 274.3 
HRSG high-pressure steam pressure MPa 6.1 6.1 6.1 
HRSG high-pressure steam temperature K 797 812 812 
HRSG low-pressure steam pressure MPa 0.53 0.53 0.53 
HRSG low-pressure steam temperature K 488 483 480 
ST power output MW 64.66 57.06 49.5 
ST heat rate kJ/kWh 3706 3692 3677 
CCPP power output MW 191.46 152.16 112.95 
CCPP heat rate kJ/kWh 7040 7256 7847.4 
CCPP efficiency % 51.14 49.61 45.87 
 128 
2.2 IAH system description 129 
As shown in Figure 2, a 2.5 meter-wide anti-freezing unit was mounted in the front of the inlet air 130 
system. The existing rainproof cover was placed in the front of the anti-freezing unit. A group of heat 131 
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exchangers (A-W) were added inside the anti-freezing unit to supply the inlet air heating. In addition, a 132 
set of hot water pipelines were used to connect the heat exchangers of the anti-freezing warehouse and the 133 
HRSG. A water-gas exchanger (W-G) with a 7 MW capacity already existed in the HRSG before the 134 
modification. The water-gas exchanger was initially used to produce hot water and provide space heating. 135 
The heating water from the HRSG enters from the top of the A-W heat exchangers and flows out though 136 
the bottom pipelines. Furthermore, thermocouples were placed to measure the temperature of the inlet air. 137 
The full structure of the IAH system is shown in Figure 3. 138 
The air is heated by the air-water exchanger (A-W) and compressed by the air compressor (AC). The 139 
compressed air is used to burn the fuel in the combustion chamber (CC). The generated high-pressure gas 140 
drives the gas turbine and the electric generator. The high temperature exhaust form the GT (~833 K) 141 
enters the HRSG and heats feed water in two different pressure quality/level steam flows; the high-142 
pressure steam (6.1 MPa) and the low-pressure steam (0.53 MPa). Thereafter the steams enters the steam 143 
turbines to produce additional work/electricity. 144 
 145 




Figure 3. The structure of the inlet air heating system. 148 
3. Energy and exergy analysis of CCPP-IAH system 149 
In this study, a simulated model is constructed and validated with the practical model. Then, the 150 
energy analysis (fuel consumption, heat rate, energy efficiency, air humidity), exergy analysis (exergy 151 
destruction of components and the overall system), economic analysis (fossil fuel saving and dynamic 152 
payback period) are considered to better understand the system performance potential improvement under 153 
both different power load and the IAT. The methodology process of proposed CCPP-IAH system is 154 
shown in Figure 4.  155 
3.1 Energy analysis 156 
The model of the CCPP-IAH system was developed with the software Ebsilon Professional [22] and 157 
the state of the working media (temperature, pressure, mass flow rate, enthalpy and exergy) were 158 
determined prior to the energy and exergy analysis.  159 
3.1.1 Compressor 160 
The overall CCPP consists of the GT, steam turbine (ST) and the HRSG. The GT alone consists of a 161 
gas turbine, compressor, combustion chamber (CC) and an expander. The performance of the compressor 162 
is highly affected by the inlet air temperature ( 1T ). The outlet temperature ( 2T ), outlet pressure ( 2P ) and 163 
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       (2) 166 
AC a pa 2 1( )W m c T T           (3) 167 
AC is the efficiency of the compressor, k is the specific heat ratio, ACr is the pressure ratio, am is the mass 168 
flow rate of the inlet air and pac is the specific heat of air, which can be further calculated by: 169 
2 3 4
pa 4 7 10 14
1.83 9.45 5.49 7.92
( ) 1.048 ( ) ( ) ( ) ( )
10 10 10 10
T T T T
c T          (4) 170 
 171 
3.1.2 Combustion chamber 172 
The compressed air and natural gas are burned in the compressor chamber, the energy equation can 173 
be written: 174 
a 2 CC f f 4gm h m LHV m h            (5) 175 
a f gm m m           (6) 176 
where 2h and 4h are the enthalpy of the inlet air and outlet gas of the CC, the CC is the efficiency of the 177 
CC, gm is the mass flow rate of flue gas. Moreover, the fLHV  is the lower heating value of the fuel that 178 
can be calculated by the fuel composition shown in Table 2. 179 
3.1.3 Expander 180 
The pressurized hot exhaust gas from the CC with temperature ( 4T ) is expanded to produce useful 181 
power. The outlet temperature of the expander ( 5T ) and the produced power ( GTW ) is calculated by: 182 
1
4









        
 
  
       (7) 183 
GT g pg 4 5( )W m c T T           (8) 184 
where the pgc is the specific heat of the turbine exhaust gas: 185 
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    (9) 186 
3.1.4 HRSG 187 
The HRSG is used to recover heat from the GT exhaust gas (~833 K). In the HRSG the exhaust gas 188 
is used to heat feed water into the high-pressure steam (6.1 MPa) and the low pressure steam (0.53 MPa). 189 
The energy balance can be expressed as [26]: 190 
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5 5 6 6 10 10 13 13m h m h m h m h             (10) 191 
where, the 5m , 6m , 10m 13m  are the exhaust mass flow rate from the GT; mass flow rate of exhaust gas to 192 
the stack; mass flow rate of the high pressure steam of HRSG; mass flow rate of low-pressure steam of 193 
HRSG respectively. 194 
3.1.5 Steam turbine 195 
The power output of the ST can be calculated by the energy balance equation: 196 
ST ST 10 10 11 11 13 13 7 7( )W m h m h m h m h              (11) 197 
3.1.6 Condenser 198 
The condenser is basically a heat exchanger which condenses the exhaust steam of ST into liquid 199 
water.  The energy balance equation of the condenser is [27, 28]: 200 
7 7 17 17 8 8 18 18m h m h m h m h              (12) 201 
3.1.7 A-W heat exchanger 202 
The air-water (A-W) heat exchanger is designed to heat the inlet air in winter, the outlet temperature 203 
( 1T ) of the A-W can calculate from: 204 
a pa 1 0 15 15 16 16( )m c T T m h m h             (13) 205 
where 15m , 16m  are the mass flow rate of the inlet and outlet water of the A-W heat exchanger.  206 
3.1.10 Thermal efficiency and heat rate 207 
The GT efficiency ( GT ), HRSG efficiency ( HRSG ) and the overall proposed CCPP efficiency 208 
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Similarly, the GT heat rate (
GTH ) and the overall proposed CCPP heat rate ( CCPPH ) can be 213 






















      (18) 216 
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3.2 Exergy analysis 217 
The exergy destruction ( D,kE ) of any component (k) in the system can be calculated as the difference 218 
between “input exergy” ( F,kE ) and the “Output/product exergy” ( P,kE ) as shown in Eq. (19). Moreover, 219 
the exergy destruction ratio (
D,ky ) can be defined as the ratio of D,kE and F,kE  Eq. (20) [6, 7, 31].  220 











          (20) 222 
More specifically, the exergy destruction of main components in the proposed CCPP-IAH system 223 
are calculated using the following equations [16, 32]. 224 
3.2.1 Compressor 225 
D,AC 1 AC 2E E W E           (21) 226 
3.2.2 Combustion chamber [33] 227 
D,CC 2 fuel 4E E E E           (22) 228 
where 
fuelE is the chemical exergy of the fossil fuel (natural gas), which can be calculated by the 229 
following equation: 230 
fuel f fE m LHV            (23) 231 
where fLHV is the lower heating value and  is the coefficient which is 1.06 for natural gas [34]. The 232 
composition of the natural gas used in the power plant is listed in Table 2. 233 
3.2.3 Turbine [35] 234 
 D,Exp 3 4 ACE E E W          (24) 235 
3.2.4 HRSG 236 
 D,HRSG 5 9 16 6 10 12 14E E E E E E E E            (25) 237 
3.2.5 Steam turbine 238 
 D,GT 10 13 7 11 GTE E E E E W           (26) 239 
3.2.6 Condenser 240 
 D,Cond 7 17 8 18E E E E E           (27) 241 
3.2.7 A-W heat exchanger 242 
 D,A-W 0 15 1 16E E E E E            (28) 243 
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3.3 Economic analysis 244 
3.3.1 Daily fossil fuel saving 245 
The IAH technology can significantly reduce the fossil fuel consumption, the fossil fuel saving 246 
( savingm ) can be calculated by the daily fuel consumption difference of conventional CCPP system ( conm ) 247 
and the CCPP-IAH system ( IAHm ): 248 
saving con IAHm m m           (29) 249 
3.3.2 Annual economic benefit 250 
The annual economic benefit (P) can be calculated basing on the daily fossil fuel saving ( saving-im ) 251 










            (30) 253 
3.3.3 Payback period of project investment 254 
The dynamic payback period of project investment (a) can be calculated by the division of total 255 
investment (I) and the annual economic benefit (P): 256 
Ia P             (31) 257 
 258 
Table 2.  259 
The compositions of natural gas. 260 













Figure 4. Methodology process of proposed CCPP-IAH system. 263 
4. Experimental background and validation  264 
4.1 The experimental background 265 
The proposed CCPP-IAH system is located in Tianjin city, in the northern part of China, where the 266 
average temperature and the minimum temperature in winter is 277.8 K and 259.6 K, respectively. 267 
Tianjin is a coastal city, the average relative humidity is 56.4 %. Therefore, there may be freezing 268 
phenomenon occurring in the inlet air system (without an anti-freezing unit) which may result in 269 
increased pressure loss and lower power output in the winter. The annual temperature and air humidity of 270 




Figure 5. The annual temperature and relative air humidity of Tianjin city from the beginning January to 273 
end of December. 274 
The purpose of this experimental test is to increase the IAT by 4 K in space heating season, and 275 
increase the IAT by 18 K during non-space heating season in part load conditions. The experimental test 276 
was carried out under part load conditions with ambient temperature of 289 K, air humidity of 61 % and 277 
the ambient pressure of 101.1kPa. 278 
In addition, the thermal performance test of the facility followed the guidelines of ASME PTC 46-279 
1996 [36]. The uncertainty of the measurement instruments based on the ASME PTC 19.1 [37]. The 280 
maximum allowable deviation of test parameters are shown in Table 3. 281 
Table 3 282 
The maximum allowable deviation of test parameters 283 
Parameters Allowable deviation 
Ambient temperature  2.0 K 
Ambient pressure  0.5 % 
Natural gas pressure  1.0 % 
Power output  2.0 % 
Power factor  2.0 % 
Speed of revolution  1.0 % 
Exhaust gas pressure of GT  1.0 % 
 284 
4.2 Model validation 285 
To better understand the performance of system components and the overall system under part load 286 
conditions, the proposed CCPP-IAH system is modeled by the Ebsilon Professional software. The 287 
software is developed by the German STEAG Electric Power Company (a sub-company of the Ruhr 288 
Group). The software is widely used in the area of design, simulation and optimization of power plants.  289 
The experimental recorded and simulated values under part load conditions are listed in Table 4. It 290 
can be seen that the values show a good agreement. It is concluded that the models are validated and the 291 
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performance of the main components as well as the overall CCPP-IAH plant can be deeper investigated.  292 
Also, the performance of inlet air humidity from experimental results is list in Table 5 293 
Table 4 294 
The comparison of experimental and simulated values. 295 
Item Unit Load=65 % Load=80 % 
Exp. Sim. Exp. Sim. 
Inlet air temperature ( 1T ) K 289.0 289.5 300.5 300.7 
GT power output (
GTW ) MW 77.7 77.4 101.4 100.5 
ST power output (
STW ) MW 51.7 52.9 58.7 60.0 
CCPP power output (
CCPPW ) MW 129.4 130.0 160.0 160.1 
Fuel consumption ( fm ) kg/s 5.62 5.65 6.49 6.49 
Heat rate (
CCPPH ) kJ/kWh 7680.5 7642.2 7130.1 7128.0 
GT efficiency ( GT ) % 28.14 28.05 31.98 31.70 
CCPP efficiency ( CCPP ) % 46.87 47.11 50.49 50.51 
 296 
Table 5 297 
The performance of inlet air humidity from experimental results.  298 
NO. 
0T  (K) 1T (K) 1 0T T (K) 0  (%) 1 (%) 
1 285.3 293.3 8.0 87.4 62.3 
2 286.0 295.0 9.0 85.9 54.4 
3 287.0 297.3 10.3 80.3 50.2 
4 287.2 297.5 10.3 79.2 48.6 
5 289.9 302.7 12.8 60.6 42.7 
6 289.5 308.3 18.8 62.1 30.7 
7 288.9 308.3 19.4 64.7 31.3 
8 288.5 310.5 22.0 64.8 30.3 
 299 
5. Results and discussion 300 
5.1 Part-load performance of the proposed CCPP-IAH system 301 
Most gas-fired power plants are used for peak-shaving and are typically operating at part-load 302 
conditions. The purpose of the experimental test is to analysis the performance of the proposed CCPP-303 
IAH system under part-load conditions and provide data for model validation. Based on the 304 
thermodynamic modeling and mathematical equations described above, the part-load performance of 305 
CCPP-IAH system is investigated in detail through simulation data. 306 
In this section, the ambient temperature of 289 K, the air humidity of 90% were considered and the 307 
IAT was heated to about 303 K by the A-W exchanger using the recovered energy from HRSG. The part-308 
load efficiencies of the proposed CCPP-IAH system and the conventional CCPP system (CS) are 309 
compared in Figure 6. It is noticed that the GT-efficiency and the overall system efficiency increase in 310 
line with the power for both system configurations. However, the GT efficiency is generally a little lower 311 
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for the CCPP-IAH system while the HRSG efficiency is slightly increased due a higher IAT. More 312 
specifically, a higher IAT increases the power consumption of the compressor that is taken from the work 313 
produced by the expander. Nevertheless, for the whole system, the proposed CCPP-IAH system slightly 314 
increases the overall efficiency by 0.17 %, 0.16 %, 0.17 % and 0.23 % under the power loads of 60 %, 315 
65 %, 70 % and 80 %, respectively. 316 
The heat rate refers to the fuel heat input per kilowatt hour electricity produced. It is a fundamental 317 
index used to determine the thermal economy of power plants. A lower value is preferred. The heat rate of 318 
the GT as well as the proposed CCPP-IAH system at part load conditions are seen in Figure 7. It is found 319 
that the GT heat rate of the CCPP-IAH system is higher than that of the CS system, due to its lower 320 
thermal efficiency at the higher IAT. Yet, the overall heat rate shows slightly lowered values of 29.3 321 
kJ/kWh, 27.1 kJ/kWh, 25.1 kJ/kWh and 43.9 kJ/kWh at the different system loads. 322 
 323 
Figure 6. The efficiencies for proposed CCPP-IAH system under part load conditions. 324 
 325 
Figure 7. The heat rate for proposed CCPP-IAH system under part load conditions 326 
Additionally, the exergy destruction of system components under part load conditions are presented 327 
in Figure 8. Among the individual components, the combustion chamber (CC) contributes the highest 328 
exergy destruction. However, at the power load of 60 %, the exergy destruction of the CC drops from 329 
82.5 MW ( CSD,CCE ) to 80.0 MW (
IAH
D,CCE ) since the IAH configuration supply more energy through the 330 
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heated inlet air, that in turn reduces the fuel consumption. The air compressor (AC), expander (Exp), 331 
steam turbine (ST) and the condenser (Cond) of the CCPP-IAH system reveal a slightly higher exergy 332 
destruction than in the CS system. Nevertheless, the total exergy destruction (or irreversible energy loss) 333 
of the CCPP-IAH system is lower than the CS system under the part load conditions. This can be 334 
explained by the utilizing of low-grade energy at the end of the HRSG which is better recovered and 335 
utilized by the topping Brayton cycle and the bottoming Rankine cycle.  336 
Additionally, the components of the proposed system are further divided into two parts: The Brayton 337 
cycle (AC, CC and Exp) and the Rankine cycle (ST, HRSG and Cond) to gain a better understanding of 338 
the performance of the applied components. Accordingly, it is clear that both Brayton cycle part and 339 
Rankine cycle part show improvement trends due to the IAH technology applied in the system.  340 
          341 
(a) Power load of 60%                                                       (b) Power load of 65% 342 
           343 
(c) Power load of 70%                                                        (d) Power load of 80% 344 
Figure 8. Exergy destruction of components under part load conditions. 345 
5.2 The effect of inlet air heating on the proposed CCPP-IAH system 346 
The effect of inlet air heating on the proposed CCPP-IAH system is examined in this section. Figure 347 
9 demonstrates the rate of fuel consumption of the CCPP-IAH system under the selected part load 348 
conditions. It is shown that while the IAT increases, the fuel consumption reduces slightly. The reason 349 
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being, that low-grade waste energy at the end of the HRSG is further recovered and utilized by both the 350 
Brayton cycle and the Rankine cycle in the proposed IAH configuration.  351 
The trends in Figure 9 are also obtained experimentally as the fuel consumption decreased from 5.67 352 
kg/s (IAT of  286.7 K, ~129.4 MW) to 5.65 kg/s (IAT of 303.2 K, ~129.4 MW) at the power load of 65 %. 353 
In addition, the fuel consumption decreased from 6.52 kg/s (IAT of 291.4 K, 160.0 MW) to 6.49 kg/s (IAT 354 
of 302.3 K, 159.9 MW) at the power load of 80 %. 355 
 356 
Figure 9. The fuel consumption rate of proposed CCPP-IAH system under part load conditions. 357 
The change in inlet air humidity with respect to temperature of the proposed CCPP-IAH system 358 
under part load conditions is shown in Figure 10. In the simulations, the ambient air humidity is 90 %. 359 
When heated by the A-W, the humidity decreases to 30 % when the IAT is 303 K as seen in the figure. 360 
This has a huge benefit to the operation of GT-based power plants in wintertime. The issue of ice and 361 
humidity blockages in the inlet air system is suppressed which minimizes inlet pressure losses that in turn 362 
reduce the power output of the combined cycle.  363 
Besides, from the experimental results (Table 5) and simulated results (Figure 10) we can obtain that 364 
the increased temperature of inlet air drops the air humidity and the IAH technology can significantly 365 




Figure 10. The air humidity of proposed CCPP-IAH system under part load conditions. 368 
 369 
The effect of the heated inlet air on the GT-, HRSG- and overall CCPP system efficiencies are 370 
illustrated in Figure 11. A higher IAT provides a lower GT thermal efficiency. On the other hand, the 371 
heated inlet air (from the recovered energy in the HRSG) will act to improve the efficiencies for the 372 
HRSG itself as well as the overall system performance.  373 
Herein, from the results of experimental test, the overall plant efficiency increased from 46.73 % 374 
(IAT of 286.7 K, ~129.4 MW) to 46.87 % (IAT of 303.2 K, ~129.4 MW) under the power load of 65 %. 375 
And it increased from 50.22 % (IAT of 291.4K, 160.0 MW) to 50.48 % (IAT of 302.4 K, 159.9 MW) 376 
under the power load of 80 %. 377 
The heat rates of the GT and overall plant at different inlet air temperature are depicted in Figure 12. 378 
It is shown that the heat rate of the GT increases with the higher IAT, however , the overall heat rate of 379 
CCPP-IAH system reduces slightly. This matches the experimental results where the heat rate dropped 380 
from 7168.6 kJ/kWh (IAT of 291.4 K, 160.0 MW) to 7131 kJ/kWh (IAT of 302 K, 159.9 MW) under the 381 





          385 
(b)                                                                                (c) 386 
Figure 11. Brayton cycle components performances under different IAT. 387 
 388 
        389 
(a)                                                                                (b) 390 
Figure 12. The heat rates of GT and overall plant under different IAT. 391 
The exergy destruction of main components (Brayton cycle and Rankine cycle) under different IAT 392 
conditions are shown in Figure 13. The components that are most affected the by the IAT are the AC, CC 393 
and HRSG.  The exergy destruction of the AC increases in line with the IAT, as it will consume more 394 
useful work to compress the air. The exergy destruction of CC is the largest and it exhibits a downtrend 395 
with the IAT increasing, obviously. For the reason that a higher IAT will contribute higher inlet 396 
compressed air temperature, thus reduce part of fossil fuel consumption which is used to improve the flue 397 
gas temperature in CC. That is to say, a part of irreversible energy loss of CC is significantly avoided due 398 
to the higher inlet compressed air temperature. Moreover, the energy utilized to raise the IAT is collected 399 
by the W-G exchanger in HRSG, as shown in Figure 1, and a higher IAT will take more energy away 400 
from HRSG, therefore the “energy loss” for HRSG increases and leads a higher exergy destruction.  401 
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Additionally, it is clearly illustrated that a higher IAT will contribute lower exergy destruction for the 402 
Brayton cycle and cause larger exergy destruction for Rankine cycle. For instance, the exergy destruction 403 
drops from 124.6MW (290 K) to 122.5MW (310 K), while the exergy destruction increases from 18.9 404 
MW (290 K) to 21.6 MW (310 K) respectively under the power load of 60 %. However, the overall plant 405 
exergy destruction will decrease with the IAT increasing. Thus, the IAH technology has a positive 406 
achievement in both improving the overall system thermal efficiency and reducing the exergy destruction. 407 
     408 
(a) Power load of 60%                         (b) Power load of 65% 409 
      410 
(c) Power load of 70%                         (d) Power load of 80% 411 
Figure 13. Exergy destruction of components under different IAT. 412 
The daily fossil fuel saving under different power load and different IAT conditions is presented in 413 
Figure 14. It can been seen that the daily fossil fuel saving (natural gas) raises from 0 ton/day (IAT of 285 414 
K) to 2.7 ton/day (IAT of 310 K) under the power load of 65 % and it raises from 0 ton/day (IAT of 285 K) 415 
to 5.1 ton/day (IAT of 310 K) under the power load of 80 %. Besides, it is reported by the Guodian 416 
Science and Technology Research Institute , China Energy Investment Corporation [38] that the proposed 417 
CCPP-IAH system can significantly improve the efficiency of CCPP by more than 0.89 % under the part-418 
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load conditions [39]. Additionally, the annual economic benefit from energy saving is more than 419 
$ 5.88 105 and the payback period of project investment is less than 3 years [39].  420 
Furthermore, the application of this IAH technology not only improves the part-load efficiency of 421 
the CCPP, but also effectively solves the problems of ice and humidity blockages in the inlet air system 422 
and significantly enhances the operation safety of the CCPP under complex meteorological conditions 423 
[39]. 424 
 425 
Figure 14. The fossil fuel saving under different power load and IAT conditions. 426 
6. Conclusion 427 
In this paper, a CCPP with inlet air heating (CCPP-IAH) system is proposed to solve the issues of ice 428 
and humidity blockages of inlet air system in winter climate. The model is established in the software of 429 
Ebsilon and is validated by experimental results. The performance of the CCPP-IAH system under part 430 
load conditions is analyzed experimentally and by simulation methods. Important conclusions are 431 
summarized: 432 
 With heated inlet air the GT efficiency is lower than conventionally (without heated inlet air), 433 
Nevertheless the overall plant efficiency of the proposed CCPP-IAH system achieves a higher 434 
efficiency besides a lower heat rate compared to the conventional system. In addition, the heated 435 
inlet air by the recovered energy in the HRSG raises the HRSG efficiency.  436 
 The proposed system reduces the fuel consumption slightly from 5.67 kg/s to 5.65 kg/s and from 437 
6.52 kg/s to 6.49 kg/s at 65 % and 80 % power load respectively. Moreover, the inlet air humidity 438 
will decrease from 90 % to 30 % under the heated IAT of 303 K, which is of great significance to the 439 
operation of gas-fired power plants in wintertime. 440 
 From the exergy analysis, the CC produces most of the exergy destruction in the system that, 441 
however, reduces with the IAT in contrast to the AC and HRSG components. Moreover, for both the 442 
Brayton cycle part and the Rankine cycle part, the exergy destruction will decrease with the IAH 443 
application. 444 
 The daily fossil fuel will raise up to 2.9 ton/day (IAT of 310 K) and to 5.1 ton/day (IAT of 310 K) 445 
under the power load of 65 % and 80 %, respectively. In addition, from the reported economic 446 
analysis, the proposed CCPP-IAH system can significantly improve the efficiency of CCPP by more 447 
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than 0.89 % under the part load conditions. The annual economic benefit from energy saving is more 448 
than $ 5.88 105 and the payback period of project investment is less than 3 years. 449 
 450 
Acknowledgement 451 
This study was financially supported by the Natural Science Foundation of Beijing (3162030) and 452 
the Fundamental Research Funds for the Central Universities (2018QN035). The technical support was 453 
provided by the Guodian Science and Technology Research Institute, China Energy Investment 454 
Corporation. The authors are grateful for the contributions of Anders Ivarsson, reviewers and editors for 455 
giving valuable comments. 456 
 457 
Nomenclature and Abbreviations 458 
 459 
Abbreviations 460 
AC  Air compressor 461 
A-W Air-Water heat exchanger 462 
CC  Combustion chamber 463 
CCPP Combined cycle power plant 464 
GT  Gas turbine 465 
HRSG Heat recovery steam generator 466 
IAH  Inlet air heating 467 
IAT  Inlet air temperature 468 
ST  Steam turbine 469 
W-G Water-Gas heat exchanger 470 
Roman symbols  471 
pac  Specific heat of air, J/(kg K) 472 
pgc  Specific heat of turbine exhaust gas, J/(kg K) 473 
D,kE  Exergy destruction of kth component, kJ/kg 474 
F,kE  Fuel exergy of kth component, kJ/kg 475 
P,kE  Product exergy of kth component, kJ/kg 476 
D,ACE Exergy destruction rate of air compressor, 477 
kJ/kg 478 
D,CCE  Exergy destruction rate of combustion 479 
chamber, kJ/kg 480 
fuelE   Exergy destruction rate of fossil fuel, 481 
kJ/kg 482 
D,ExpE  Exergy destruction rate of expander, 483 
kJ/kg 484 
D,HRSGE  Exergy destruction rate of HRSG, kJ/kg 485 
D,GTE  Exergy destruction rate of gas turbine, 486 
kJ/kg 487 
D,CondE  Exergy destruction rate of condenser, 488 
kJ/kg 489 
D,A-WE  Exergy destruction rate of air-water heat 490 
exchanger, kJ/kg 491 
0E  Exergy destruction rate of ambient 492 
temperature, kJ/kg 493 
1E  Exergy destruction rate of inlet air of air 494 
compressor, kJ/kg 495 
2E  Exergy destruction rate of outlet compressed 496 
air, kJ/kg 497 
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3E  Exergy destruction rate of fossil fuel, kJ/kg  498 
4E  Exergy destruction rate of outlet exhaust gas 499 
of CC, kJ/kg 500 
5E  Exergy destruction rate of exhaust gas of gas 501 
turbine, kJ/kg 502 
6E  Exergy destruction rate of exhaust gas of 503 
HRSG, kJ/kg 504 
7E  Exergy destruction rate of the outlet steam of 505 
low-pressure steam, kJ/kg 506 
8E  Exergy destruction rate of outlet water of 507 
condenser, kJ/kg 508 
9E  Exergy destruction rate of feed water, kJ/kg 509 
10E  Exergy destruction rate of high-pressure 510 
steam, kJ/kg 511 
11E  Exergy destruction rate of the outlet steam of 512 
high-pressure steam, kJ/kg 513 
12E  Exergy destruction rate of superheated low-514 
pressure steam, kJ/kg 515 
13E  Exergy destruction rate of low-pressure 516 
steam, kJ/kg 517 
14E  Exergy destruction rate of heated water from 518 
water-gas heat exchanger, kJ/kg 519 
15E  Exergy destruction rate of inlet water of air-520 
water heat exchanger, kJ/kg 521 
16E  Exergy destruction rate of outlet water of air-522 
water heat exchanger, kJ/kg 523 
17E  Exergy destruction rate of inlet water of 524 
condenser, kJ/kg 525 
18E  Exergy destruction rate of outlet water of 526 
condenser, kJ/kg 527 
2h  The entropy of outlet compressed air, kJ/kg  528 
4h  The entropy of outlet gas of the CC, kJ/kg 529 
5h  The entropy of the flue gas from gas turbine, 530 
kJ/kg 531 
6h  The entropy of the exhaust gas of HRSG, 532 
kJ/kg 533 
7h  The entropy of the outlet steam of low-534 
pressure steam, kJ/kg 535 
8h  The entropy of outlet water of condenser, 536 
kJ/kg 537 
10h  The entropy of high-pressure steam, kJ/kg 538 
11h  The entropy of the outlet steam of high-539 
pressure steam, kJ/kg 540 
13h  The entropy of low-pressure steam, kJ/kg 541 
15h  The entropy of inlet water of air-water heat 542 
exchanger, kJ/kg 543 
16h  The entropy of outlet water of air-water heat 544 
exchanger, kJ/kg 545 
17h  The entropy of inlet water of condenser, 546 
kJ/kg 547 
18h  The entropy of outlet water of condenser, 548 
kJ/kg 549 
GTH  Heat rate of gas turbine, kJ/kWh 550 
CCPPH  Heat rate of combined cycle power plant, 551 
kJ/kWh 552 
fLHV  Lower heating value of fossil fuel, kJ/kg 553 
am  Mass flow rate of inlet air, kg/s 554 
fm  Mass flow rate of fossil fuel, kg/s 555 
gm  Mass flow rate of exhaust gas, kg/s 556 
5m  Mass flow rate of the flue gas from gas 557 
turbine, kg/s 558 




7m  Mass flow rate of the outlet steam of low-561 
pressure steam, kg/s 562 
8m  Mass flow rate of outlet water of condenser, 563 
kg/s 564 
10m  Mass flow rate of high-pressure steam, kg/s 565 
11m  Mass flow rate of the outlet steam of high-566 
pressure steam, kg/s 567 
13m  Mass flow rate of low-pressure steam, kg/s 568 
15m  Mass flow rate of inlet water of air-water 569 
heat exchanger, kg/s 570 
16m  Mass flow rate of outlet water of air-water 571 
heat exchanger, kg/s 572 
17m  Mass flow rate of inlet water of condenser, 573 
kg/s 574 
18m  Mass flow rate of outlet water of condenser, 575 
kg/s 576 
1P  Inlet air pressure of the air compressor, MPa 577 
2P  Out air pressure of the air compressor, MPa 578 
0T  Ambient temperature, K 579 
1T  Inlet air temperate of the air compressor, K 580 
2T  Outlet air temperature of the air compressor, 581 
K 582 
4T  The exhaust gas of combustion chamber, K 583 
5T  The outlet temperature of the turbine, K 584 
ACW  Power consumed by air compressor, MW 585 
GTW   Produced work by expander, MW 586 
STW   Power output of the steam turbine, MW 587 
Greek symbols 588 
AC   Air compressor efficiency, % 589 
CC   Combustion chamber efficiency, % 590 
CCPP  Combined cycle power plant efficiency, % 591 
Exp   Expander efficiency, % 592 
GT   Gas turbine efficiency, % 593 
HRSG  Heat recovery steam generator 594 
efficiency, % 595 
ACr   Pressure ratio, % 596 
D,ky   Exergy destruction rate of kth 597 
component, % 598 
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